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SUMMARY 
The Dryden F l i g h t  Research F a c i l i t y  of NASA Ames Research Center  conducted a 
ground v i b r a t i o n  test and a f l u t t e r  a n a l y s i s  of an a i r  sampling probe t h a t  w a s  t o  
be mounted on a Convair 990 a i r p l a n e .  The probe w a s  a steel ,  wing-shaped s t r u c -  
t u r e  used to  g a t h e r  a tmospheric  data. The ground v i b r a t i o n  test  w a s  conducted 
t o  update  t h e  f i n i t e - e l e m e n t  model used i n  t h e  f l u t t e r  a n a l y s i s .  The a n a l y s i s  
p r e d i c t e d  f l u t t e r  speeds w e l l  o u t s i d e  t h e  o p e r a t i n g  f l i g h t  envelope of t h e  
Convair 990 a i r p l a n e .  
INTRODUCTION 
A Convair 990 a i r p l a n e  w a s  modified by mounting an atmospheric  a i r  sampling 
probe through e x i s t i n g  window openings. T o  determine i f  t h e  probe w a s  f r e e  from 
f l u t t e r  throughout  t h e  Convair 990 f l i g h t  envelope,  a ground v i b r a t i o n  tes t  (GVT 1 
and p r e d i c t i v e  f l u t t e r  a n a l y s i s  w e r e  performed on t h e  probe and i t s  s u p p o r t i n g  
s t r u c t u r e .  The GVT w a s  conducted to  measure t h e  m o d a l  f r e q u e n c i e s  and shapes of 
t h e  probe. The GVT r e s u l t s  w e r e  used to update  t h e  f i n i t e - e l e m e n t  m o d e l  used i n  
t h e  f l u t t e r  a n a l y s i s .  The f l u t t e r  a n a l y s i s  was performed t o  predict the probe 
f l u t t e r  mechanism and f l u t t e r  speed. 
NOMENCLATURE 
FAST f l u t t e r  a n a l y s i s  system 
GVT ground v i b r a t i o n  test 
NASTRAN NASA s t r u c t u r a l  a n a l y s i s  
DESCRIFTION OF PROBE AND MOUNTING 
The Convair 990 a i r  sampling probe w a s  a wing-shaped s t r u c t u r e  w i t h  a steel  
spar and s teel  s k i n s  and a foam core. The probe measured 20 i n  long by 9.5 i n  
wide a t  t h e  root and 4.3 i n  w i d e  a t  the t i p ,  w i t h  a symmetric a i r fo i l  cross sec- 
t i o n .  Seven a i r  sampling tubes  extended through t h e  l e a d i n g  edge of t h e  probe. 
The probe w a s  mounted i n  a window opening ( f i g .  1 ) .  The aluminum probe s u p p o r t  
s t r u c t u r e  w a s  a t t a c h e d  to  the a i r c r a f t  r i n g  frames a t  f o u r  l o c a t i o n s .  An alumi- 
num p l a t e  replaced t h e  window. An aluminum b r a c k e t  s ecu red  t h e  plate a t  t h e  top 
and bottom of t h e  window frame. The p l a t e  w a s  glued to  t h e  probe i n  t h e  c e n t e r ,  
as shown i n  f i g u r e  2 .  
ANALYSIS DESCRIFTION 
A f i n i t e - e l e m e n t  model of t h e  Convair 990 probe w a s  created. The probe was 
modeled as a simple beam s t r u c t u r e  w i t h  t h e  mass d i s t r i b u t e d  o f f  t h e  elastic a x i s .  
The mass and area moments of i n e r t i a  were c a l c u l a t e d  a t  s e v e r a l  l o c a t i o n s  a long  the 
span of t h e  probe and t h e  s u p p o r t  s t r u c t u r e .  The s u p p o r t  s t r u c t u r e  t h a t  a t t a c h e s  
t h e  probe t o  t h e  a i r c r a f t  was a l s o  modeled. A v i b r a t i o n  a n a l y s i s  w a s  performed on 
t h e  f i n i t e - e l e m e n t  model u s i n g  t h e  NASA s t r u c t u r a l  a n a l y s i s  program (refs. 1 and 
2 ) .  To correlate with G V T  r e s u l t s ,  t h e  window plate  w a s  a l s o  modeled with freedom 
of movement i n  a l l  d i r e c t i o n s .  The boundary c o n d i t i o n s  w e r e  t h e  same f o r  both t h e  
GVT and t h e  a n a l y s i s ;  t h e  support s t r u c t u r e  w a s  f i x e d  a t  t h e  f o u r  c o r n e r s .  
Two d i f f e r e n t  programs were used to  perform the f l u t t e r  a n a l y s i s :  t h e  NASA 
s t r u c t u r a l  a n a l y s i s  (NASTRAN) and the f l u t t e r  a n a l y s i s  system (FAST), d e s c r i b e d  i n  
r e f e r e n c e s  3 and 4 ,  r e s p e c t i v e l y .  Two reasons  f o r  u s i n g  t h e s e  d i f f e r e n t  programs 
t o  perform the  f l u t t e r  a n a l y s i s  were ( 1  1 t o  cross-check each program and t o  i n d i -  
c a t e  p o s s i b l e  d i s c r e p a n c i e s  i n  t h e  results,  and ( 2 )  t o  g a i n  t h e  expe r i ence  i n  f l u t -  
ter  a n a l y s i s  u s i n g  t h e s e  programs. The NASTRAN a n a l y s i s  used t h e  d o u b l e t - l a t t i c e  
aerodynamic theo ry ;  the FAST method i n c o r p o r a t e d  a subson ic  k e r n e l  f u n c t i o n  l i f t i n g -  
s u r f a c e  aerodynamic theo ry .  
The f l u t t e r  a n a l y s i s  program i n  NASTRAN is  a c o n t i n u a t i o n  of t h e  v i b r a t i o n  ana l -  
y s i s .  The aerodynamic m o d e l  of t h e  probe ( f i g .  3 )  w a s  f i t t e d  t o  the s t r u c t u r a l  
p o i n t s  w i th  a beam s p l i n e .  The f i r s t  seven elastic probe modes were used i n  calcu-  
l a t i n g  t h e  g e n e r a l i z e d  a i r  f o r c e s .  The aerodynamic m a t r i x  w a s  c a l c u l a t e d  €or a few 
s e l e c t e d  Mach numbers and reduced f r e q u e n c i e s  and i n t e r p o l a t e d  f o r  o t h e r s .  With t h e  
K-method ( r e f .  2 )  of f l u t t e r  a n a l y s i s ,  NASTRAN w a s  used to  compute t h e  frequency and 
damping estimates f o r  each s p e c i f i e d  s e t  of parameters: d e n s i t y  r a t io ,  Mach number, 
and reduced frequency. 
The FAST program i s  an  automated procedure f o r  computing f l u t t e r  e igenva lues .  
The v i b r a t i o n  m o d e  shapes of t h e  f i r s t  seven e las t ic  probe modes from tlie NASTRAN 
v i b r a t i o n  a n a l y s i s  were used t o  calculate t h e  g e n e r a l i z e d  f o r c e s  i n  FAST a t  t h e  
s p e c i f i e d  c o l l o c a t i o n  p o i n t s  shown i n  f i g u r e  4. A nonsymmetric s u r f a c e  s p l i n e  w a s  
used to  i n t e r p o l a t e  the v i b r a t i o n  mode shapes and d e f l e c t i o n s  to t h e  c o l l o c a t i o n  
p o i n t s .  The aerodynamic f o r c e s  w e r e  i n t e r p o l a t e d  wi th  respect t o  reduced frequency 
u s i n g  a t a b u l a t e d  cub ic  s p l i n e .  The f l u t t e r  s o l u t i o n  w a s  t h e n  o b t a i n e d  from a n  
e i g e n v a l u e  r o u t i n e  t h a t  t a k e s  advantage of t h e  parametric n a t u r e  of t h e  v e l o c i t y -  
damping s o l u t i o n .  
GVT TEST PROCEDURES 
The probe w a s  mounted i n  t h e  s u p p o r t  s t r u c t u r e  used on the a i r c r a f t  and w a s  
a t t a c h e d ,  by means of C - c l a m p s ,  a t  t h e  f o u r  c o r n e r  connec t ion  p o i n t s  t o  t w o  a lu-  
minum s t a n d s  ( f i g u r e  5 ) .  The s t a n d s  w e r e  bolted to  t h e  f l o o r  and weighted wi th  
1 2 5  lb of l e a d  shot .  The window w a s  n o t  c o n s t r a i n e d  a t  e i t h e r  end and w a s  
a l lowed to move f r e e l y .  
An instrumented impact  hammer w a s  used t o  excite t h e  s t r u c t u r e .  The probe 
r e sponse  t o  e x c i t a t i o n  w a s  monitored by a p i e z o e l e c t r i c  accelerometer . The d a t a  
measurement p o i n t s  are shown i n  f i g u r e  6 .  A piezoelectric accelerometer w a s  
a f f i x e d  to  th-e probe wi th  double-sided tape a t  t h e  t r a i l i n g  edge. The hammer 
w a s  t hen  used to  e x c i t e  t h e  s t r u c t u r e  f i v e  times a t  each d a t a  measurement p o i n t  
( f i g .  6 ) ;  t h e  responses  were averaged and r eco rded  by a minicomputer-based s t r u c -  
t u r a l  a n a l y s i s  system (ref.  5 ) .  
A s t r u c t u r a l  a n a l y s i s  system w a s  used to  ana lyze  the data  over a bandwidth of 
50 t o  2000 Hz. A f requency-response func t ion  w a s  gene ra t ed  f o r  each  measurement 
l o c a t i o n .  Subsequent ly ,  a frequency-response f u n c t i o n  w a s  chosen t h a t  conta ined  
t h e  modes of i n t e r e s t .  The computer f i t t e d  a multi-degree-of-freedom curve  t o  
tho  frequency-response f u n c t i o n  and generated an  estimate of  f requency ,  ampl i tude ,  
damping, and phase.  To o b t a i n  a good curve  f i t  f o r  a l l  modes, many t r a n s f e r  func- 
t i o n s  had t o  be examined. Using t h e  es t imated  parameters from t h e  cu rve  f i t  ( f r e -  
quency, ampl i tude ,  damping, and phase ) ,  t h e  modal c o e f f i c i e n t s  w e r e  computed €or 
each mode u s i n g  t h e  ampl i tude  and phase o f  t h e  measured response  a t  t h e  selected 
resonance frequency.  
GVT RESULTS 
The modes of v i b r a t i o n  t h a t  were measured are l is ted i n  tab le  1 showing f r e -  
quency, damping, and phase for  each  mode. Twelve modes were i d e n t i f i e d  i n  t h e  
d i r e c t i o n  p e r p e n d i c u l a r  to  t h e  probe wing planform. The probe w a s  a lso e x c i t e d  
i n  t h e  chordwise d i r e c t i o n  t o  i d e n t i f y  t h e  f i r s t  forward and a f t  wing bending mode 
(24.5 Hz) t h a t  w a s  t h e  l o w e s t  m o d e  p r e d i c t e d  by a n a l y s i s .  Although no data were 
reco rded  or ana lyzed  for t h i s  m o d e ,  t he  mode was i d e n t i f i e d  v i s u a l l y  and noted  
d u r i n g  t h e  test. 
ANAz,YSIS RESULTS 
A comparison of  measured and c a l c u l a t e d  f r e q u e n c i e s  is  l isted i n  table 2. The 
co r re spond ing  m o d e  shapes  from the GVT and the v i b r a t i o n  a n a l y s i s  are p r e s e n t e d  i n  
t h e  appendix.  S e v e r a l  m o d e s  predicted by t h e  a n a l y s i s  were n o t  found d u r i n g  t h e  
GVT. The forward and a f t  wing bending modes were n o t  i d e n t i f i e d  because the probe 
w a s  n o t  e x c i t e d  i n  t h e  forward and a f t  d i r e c t i o n s  except t o  i d e n t i f y  t h e  f i r s t  
mode. The mis s ing  plate modes were no t  i d e n t i f i e d  because of t h e  weak response  
measured a t  t h e  t r a i l i n g  edge t i p  of the  probe due t o  plate e x c i t a t i o n .  The 
remain ing  a n a l y t i c a l l y  p r e d i c t e d  modes and f r e q u e n c i e s  compared w e l l  w i t h  t h e  
measured GVT r e s u l t s  w i t h  o n l y  small d i f f e r e n c e s .  
The f i n i t e - e l e m e n t  model w a s  t h e n  modified by c o n s t r a i n i n g  the ends  of the 
plate  from movement t o  r e p r e s e n t  t h e  probe as i n s t a l l e d  on t h e  Convair  990 a i r -  
p l ane .  The v i b r a t i o n  a n a l y s i s  w a s  r epea ted  u s i n g  the modified m o d e l ,  and t h e  
r e s u l t s  w e r e  i n p u t  t o  t h e  f l u t t e r  a n a l y s i s .  
The veloci ty-damping plots  from the NASTRAN and FAST f l u t t e r  a n a l y s i s  f o r  the 
s t a n d a r d  c r u i s e  c o n d i t i o n  of Mach 0.4 a t  21,000 f t  are shown i n  f i g u r e s  7 and 8 ,  
r e s p e c t i v e l y .  The l o w e s t  f l u t t e r  speed predicted by b o t h  methods w a s  approximate ly  
4100 k n o t s  w i th  t h e  1026.0-Hz m o d e  ( t h e  f i r s t  probe t o r s i o n )  becoming uns t ab le .  
Because t h e  f l u t t e r  speed w a s  ex t remely  h i g h ,  a matched p o i n t  s o l u t i o n  w a s  n o t  
ob ta ined .  For a matched -point s o l u t i o n ,  the  d e n s i t y ,  Mach number, and v e l o c i t y  
are c o n s i s t e n t  w i th  a c t u a l  p h y s i c a l  c o n d i t i o n s  s t a n d a r d  atmosphere c o n d i t i o n s .  
I n  t h e  p r e l i m i n a r y  a n a l y s e s ,  t h e  forward and a f t  wing bending m o d e  a t  40 Hz d i d  
n o t  e f f e c t  t h e  f l u t t e r  r e s u l t s ;  hence,  it w a s  n o t  used i n  the f i n a l  a n a l y s i s .  
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CONCLUS IONS 
A ground v i b r a t i o n  test and f l u t t e r  a n a l y s e s  w e r e  conducted on a Convair 990 
a i r  sampling probe. The f i n i t e - e l e m e n t  model used i n  t h e  f l u t t e r  a n a l y s e s  w a s  tuned 
u s i n g  t h e  ground v i b r a t i o n  test  r e s u l t s .  The f l u t t e r  a n a l y s e s  demonstrated t h a t  t h e  
probe had f l u t t e r  speeds w e l l  o u t s i d e  t h e  f l i g h t  envelope of t h e  Convair 990 air- 
p l ane .  I n  g e n e r a l ,  probes of d e s i g n  and c o n s t r u c t i o n  similar t o  t h e  probe analyzed 
should have e q u a l l y  h igh  f l u t t e r  speeds.  
National Aeronautics and Space Administrat ion 
A m e s  Research Center 
Dryden Fl ight  Research F a c i l i t y  
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APPENDIX - MODE SHAPE DATA 
The m o d e  shapes ( f i g s .  9 to  32 )  were normalized to the maximum d e f l e c t i o n .  
Each m o d e  shape is  u s u a l l y  d i s p l a y e d  showing a comparison between expe r imen ta l  and 
a n a l y t i c a l  r e s u l t s .  I n  some i n s t a n c e s  ( f o r  example, f i g s ,  9 and 12  t o  141, a m o d e  
w a s  n o t  i d e n t i f i e d  i n  t h e  GVT due to  r easons  d i s c u s s e d  p r e v i o u s l y .  A l s o ,  t h e  s u p  
port  s t r u c t u r e  w a s  modeled as a s i n g l e  beam i n  the a n a l y s i s ,  wh i l e  the re sponses  
a t  t h e  l e a d i n g  and t r a i l i n g  edges were measured d u r i n g  t h e  GVT. T h e r e f o r e ,  t h e  
modeling of t h e  suppor t  s t r u c t u r e  f o r  the GVT d i f f e r e d  from t h e  modeling f o r  t h e  
NASTRAN a n a l y s i s .  
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TABLE 1 - GROUND VIBRATION TEST RESULTS 
Mode Frequency, Damping, Phase, 
number HZ 9 rad 
1 64.0 0.021 -1.47 
2 136*4 0.076 1.65 
3 267.5 0.060 1.58 
4 304.0 0.043 -2.45 
5 425.0 0.01 8 1.88 
6 5 0 x 4  0.078 1.54 
7 882.9 0.042 -1 -41 
8 963.8 0.004 1.56 
9 1133.1 0.005 -1 45 
10 1422.7 0.006 -1 -63  
11 1524.4 0.003 -1 e 7 3  
12 1803.2 0.002 1 e51 
TABLE 2. -COMPARISON OF RESULTS OF NASTRAN VIBRATION AM) GVT ANALYSES 
G W  
f requency,  
Hz 
V i b r a t i o n  
ana 1 ys i s 
HZ 
Mode f requency,  Description 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18  
19 
20 
21 
2 2  
2 3  
24 
40.0 
118.7 
140.7 
184.0 
284.8 
288.8 
306.9 
434.7 
445.3 
475.3 
668.6 
677.1 
965.9 
1037.0 
1196.0 
1198.0 
1 326.0 
1586.0 
1705.0 
1935.0 
21 26.0 
67.6 
951 3 
966.4 
24.5 
136.4 
a 
a 
a 
267.5 
304.0 
507.4 
a 
64. 0 
425.0 
a 
882.9 
963.8 
1133.1 
1422.7 
1524.4 
1803.2 
a 
F i r s t  forward and a f t  wing bending 
F i r s t  wing bending 
P l a t e  r o l l  
Support  and wing bending 
Wing and forward and a f t  s u p p o r t  bending 
Forward and a f t  s u p p o r t  bending 
F i r s t  t o r s i o n  ( s u p p o r t  t w i s t )  
F i r s t  plate bending 
Second wing bending 
F i r s t  plate t o r s i o n  
P l a t e  t w i s t  
First forward and a f t  wing bending 
End s u p p o r t  bending 
F i r s t  plate bending m o d e  
Second forward and a f t  wing bending 
Th i rd  wing bending 
F i r s t  wing t o r s i o n  
Second plate bending m o d e  
P l a  te  bending 
Second plate torsi on 
Plate bending mode 
Fourth wing bending 
Second plate t o r s i o n  
Third forward and a f t  wing bending 
aNo t measured 
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LAir sampllng probe 
A i r  sampling probe i n s t a l l e d  on Convalr 990 a i r c r a f t .  Figure 1 .  
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I 
-7.220- 
Vd 
5.420- 
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Figure 2 .  
mounted on support s t ruc ture ,  v i e w  lookfng forward. 
( A l l  dimensions are in inches .  ) 
Structural  assembly of air sampling probe 
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X 
9.5 in 
1 
b-20.9 in--( 
F i g u r e  3.  NASTRAN aerodynamic m o d e l .  (Numbers i n d i -  
c a t e  d o u b l e t - l a t t i c e  p a n e l . )  
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point semichor8 point 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
- 0.7904 
- 0.3903 
0.1337 
0.81 52 
0.901 4 - 0.7077 - 0.3495 
0.1 197 
0.5509 
0.8072 - 0.6293 - 0.31 08 
0.1065 
0.4899 
0.7178 - 0.5573 - 0.2755 
0.0944 
0.4342 
0.6362. 
0.0923 
0.0923 
0.0923 
0.0923 
0.0923 
0.2737 
0.2737 
0.2737 
0.2737 
0.2737 
0.4457 
0.4457 
0.4457 
0.4457 
0.4457 
0.6026 
0.8026 
0.6026 
0.6026 
0.6026 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
'Bared on reference semichord 
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Figure 6 .  Ground v i b r a t i o n  test  data 
measurement p o i n t s .  
Figure 7 .  NASTRAN f l u t t e r  a n a l y s i s  r e s u l t s  showing damping as a 
f u n c t i o n  of v e l o c i t y  at Mach 0 . 4 0  and 21,000-f t  a l t i t u d e .  
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Figure 8 .  
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a l t i t u d e .  
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F i g u r e  9 .  Mode shape of XASTRJW analysis at  40.0 Ez. 
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Figure 1 0 .  Node shape comparison of ground v i b r a t i o n  test 
a t  64 .0  Hz and NASTRAN analysis a t  67.6 Hz. 
h 
NASTRAN mnrlysh 
Figure 11 . 
a t  136.4 Hz and N A S T W  analysis at 118.7 Hz. 
Mode shape comparison of ground v i b r a t i o n  test 
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Figure 1 2 .  Mode shape of NASTRAN a n a l y s i s  at 140.7 Hz. 
F i g u r e  13. Mode shape of NASTRAN a n a l y s i s  at 1 8 4 . 0  Hz. 
F i g u r e  1 4 .  Node shape of NASTRAN a n a l y s i s  at 284.8 Hz. 
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Figure 1 5 .  
a t  267.5 Rz 
Mode shape comparison of ground v i b r a t i o n  test 
and NASTRAN a a l y S f s  a t  288.8 Hzb 
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Figure 1 7 .  
a t  425.0 HZ 
Mode shape comparison of ground v i b r a t i o n  test 
and NASTRAN a n a l y s i s  a t  4 3 4 . 7  Hz. 
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NASTRAN analyrir 
Figure  18. 
at 507.4 Rz and NASTRAN analysis at 445.3 Hz. 
Mode shape comparison of ground vibration test 
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F i g u r e  19 .  Mode shape of NASTRAN a n a l y s i s  at 475.3 Rz. 
\ 
F i g u r e  20.  M d e  shape of NASTRAN a n a l y s i s  at 668.6 Hz. 
Figure  21 Mode shape of NASTRAN anal ysis at 677.1 Hz . 
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Figure 22 .  
- lhformod shape 
--- Undefwrmd sham 
Mode shape of NASTRAN a n a l y s i s  a t  951.3 Hz . 
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Qrwnd vlbrrilon iosi 
Figure 2 4 .  Mode shape camparison of ground v i b r a t i o n  test 
a t  882.9 Ez and NASTRAN ana lys i s  a t  966.4 Hz. 
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Figure 2 5 .  
a t  963.8 Hz and NASTRAN analysis at  1037.0 Hz. 
Mode shape comparison of ground v i b r a t i o n  test 
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F i g u r e  26. Mode shape of NASTRAN a n a l y s i s  at 1196.0 Hz. 
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NASTRAN mrlyals 
Figure 27 .  
a t  1133.1 Rz and NASTRAN a n a l y s i s  a t  1198.0 Rz. 
Mode shape comparison of ground v i b r a t i o n  tes t  
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Figure  28 W e  shape of NASTRAN anal ysfs at 1326.0 Rz . 
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Figure 29 .  Mode shape comparison of ground v i b r a t i o n  test 
a t  1422.7  Hz and NASTRAN analysis a t  1586.0 Hz. 
Gmund vibration test 
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NASTRAN sna~ys~r 
Figure 30 
a t  1524 .4  Bz and NASTRAN ana lys i s  a t  1 7 0 5  0 Hz 
Mode shape camparison of ground v i b r a t i o n  test 
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Figure 31 Mode 
a t  1803.2 €fz and 
Qround vibration teat 
\ 
NASTRAN analysis 
shape comparison of ground vibration test 
NASTRAN analysis a t  1935.0 HZ. 
F i g u r e  32. Mode shape of NASTRAN a n a l y s i s  at 2126.0 612. 
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